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(54) Title: APPARATUS FOR POSITIONING A SURGICAL INSTRUMENT 




(57) Abstract: Apparatus for positioning a surgical instrument (4) during a surgical orthopaedic procedure relative to the coordinate 
system of the apparatus, comprises a surgical instrument and a robotic control system (6) for moving the surgical instrument within 
the apparatus coordinate system according to program instructions. An instrument sensor (12) is fixed relative to the instrument to 
indicate the true position of the instrument within the apparatus coordinate system, and a reference sensor (16) is then fixed to a 
patient's bone to indicate the position of the patient's bone within the apparatus coordinate system. A detector (14) for monitoring 
~ the positions of the instrument sensor and the reference sensor, and a signal processor receives position signals fi-om the detector, 
and generates a desired position signal to the robotic control system to position the surgical instrument at a desired location relative 
to the reference sensor, by a process which involves minimising the difference between the true position of the instrument and the 
}^ said desired location. 



wo 02/00131 



PCT/GBOl/02899 



-1- 

APPARATUS FOR POSITIONING A SURGICAL INSTRUMENT 

This invention relates to apparatus for positioning a surgical instrument during a surgical 
orthopaedic procedure. 

WO-A-98/27887 discloses apparatus for use positioning a surgical instrument using a robot 
which moves the surgical instrument within the apparatus coordinate system according to 
program instructions from a control computer. The apparatus includes a sensor in the form 
of a manually movable sensor arm or of a remote receiver (for example in the form of an 
optical signal receiver which can receive light signals from light emitting diodes) which 
can be usedto.define a coordinate system for the apparatus and to locate the patienfs bone 
on which the procedure is to be performed within that coordinate system. Defining the 
coordinate system in this way can involve locating markers or anatomic features on the 
patient^s bone. For example, a sensor comprising a manixally movable arm can be moved 
to contact markers on the bone. When the sensor comprises a receiver, it can receive 
information from bone markers which indicate their position. By establishing the location 
of the instrument relative to the sensor, the apparatus can work from the information from 
the locating markers to establish the location of the bone relative to that of the instrument. 
Instructions to control the surgical instrument can then be provided by the control computer 
using instructions supplied to it by the physician. 

The disclosed apparatus can use information from one or more tracking markers (for 
example LED markers) on the bone to monitor movement of the bone during the sxirgical 
procedure which can then be taken into account to modify the signal which is supplied by 
the computer to the robot so that the instrument continues to be appropriately positioned 
relative to the bone. 

The signal that is supplied by the computer to the robot in such apparatus relies on the 
robot being able to deliver the instrument to a desired location. The apparatus therefore 
relies on precise calibration of the robot in order for the surgical instrument to be 
positioned accurately. These calibration requirements can require that the robot be 
recalibrated regularly. This can be time consuming. However, failure to recalibrate when 
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required can lead to inaccuracies in the positioning of the instrument which can jeopardise 
the success of the surgical procedure. 

The present invention provides apparatus for positioning a surgical instrument in which the 
computer for generating the position signal to the robot uses a process which involves 
minimising the difference between the true position of the instrument and the said desired 
location. 

Accordingly, in one aspect, the invention provides apparatus for positioning a sxirgical 
instrument during a surgical orthopaedic procedure relative to the coordinate system of the 
apparatus, which comprises: 

a. a surgical instrument, 

b. a robotic control system for moving the surgical instrument within the 
apparatus coordinate system according to program instructions, 

c. an instrument sensor which is fixed relative to the instrument to indicate 
the true position of the instrument within the apparatus coordinate system, 

d. a reference sensor which can be fixed to a patient's bone to indicate the 
position of the patient's bone within the apparatus coordinate system, 

e. a detector for monitoring the positions of the instrument sensor and the 
reference sensor, and 

f. a signal processor which receives position signals firom the detector, and 
which generates a desired position signal to the robotic control system to position 
the surgical instrument at a desired location relative to the reference sensor, by a 
process which involves minimising the difference between the true position of the 
instrument and the said desired location. 

The apparatus of the present invention has the advantage that the requirement for accurate 
calibration of a robotic control system is reduced because the apparatus controls the 
position of the surgical instrument directly relative to the position of the patient's bone. 
The apparatus of the invention therefore allows errors in the calibration of the robotic 
control system which otherwise might lead to the surgical instrument being positioned 
wrongly relative to ttie bone to be taken into account, and preferably also corrected. 
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A further significant advantage of the apparatus of the invention is that the signal that is 
generated to the robotic control system position can take into account movement of the 
patient's bone during the procedure so that the surgical instrument can continue to be 
positioned accurately relative to the bone. 

Preferably, the process by which the signal processor generates the desired position signal 
to the robotic control system is an iterative process so that the difference between the true 
position of the instrument and the said desired location can be calculated more than once 
with adjustments to the desired position signal as necessary after each calculation. 

Preferably, the instnmient sensor or the reference sensor or each of them generates a signal 
to indicate the position of the instrument or the bone (as the case might be) which can be 
detected by the detector. For example, the signal might be an optical signal such as might 
be generated by one or more light emitting diodes. Other forms of signal can be used, for 
example as generated using inductive or ultrasonic processes. The signal can be 
appropriately coded so that the detector can identify the signal and so identify the sensor 
from which it is traasmitted. Preferably, a sensor generates more then one signal, more 
preferably at least two signals, especially at least three signals, the signal generators (for 
example, light emitting diodes) being arranged in a fixed spatial arrangement. The 
provision of several signal generators has the advantage that the apparatus is able to 
determine both the location and orientation of the sensor. Locating systems with such 
sensors are known. For example, a sensor might include a small plate with four or six 
infirared light emitting diodes as signal generators arranged at its comers. The light 
impulses emitted from the diodes are received be the detector which has two, three or more 
separate light sensitive receiving elements. The position and orientation of the sensor can 
be calculated by mathematical evaluation of the received signals, making use of the known 
geometrical arrangements of the receiving elements and the diodes on the plate. 

It is important for movement of the reference sensor relative to the patients anatomy to be 
minimised. Generally, the reference sensor will be fixed to a bone, especially the bone on 
which the surgical instrument of the apparatus is to operate. The reference sensor can have 
a threaded shank, and can then be fixed to the bone by a technique which involves a first 
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step of drilling a hole in the bone, and then screwing the shank of the sensor into the drilled 
hole. 

The robotic control system can provide an arm which includes a mounting plate on which 
the surgical instrument is moxinted. The arm is jointed so that the instrument can be 
moved. Other control systems can be used which provide for movement of the instrument 
in different ways. For example, the instrument might be mounted on a carriage which can 
slide along a primary shaft. Additional degrees of freedom can be provided by secondary 
shafts on which the primary shaft can slide. Preferably, the robotic control system provides 
at least three degrees of freedom of movement of the instrument. Preferred systems can 
provide at least six degrees of freedom of movement. 

The robotic control system can include a stationary base part to which an arm for the 
surgical instrument is fixed, so that the arm and an instrument mounted on it can be moved 
under program instructions. The robotic control system will also generally include a 
controller with appropriate processor components for generating instructions for causing 
the instrument to move. The controller can be combined with the base part of the control 
system on which the arm is fixed. Frequently however the controller will be provided 
separate from the base part of the control system. 

The apparatus can include markers for fixing to a patient prior to a scanning operation for 
generating an image of the bone, and which can be referred to in the surgical procedure to 
relate the position of the patient's bone within the apparatus coordinate system as indicated 
by the reference sensor to a previously generated image of the bone. Such markers can 
serve as reference points for use in connection with X-ray or computer tomograph scans. 
The use of such markers (often referred to as fiducial markers) is established. 
Conventionally, they are fixed to a bone by means of screw threads or similar features. 
They can be used with a probe which is connected to a navigation computer which can 
contact each marker in turn to identify it for the computer which can then relate its location 
relative to the previously generated bone image. The position of the probe can be 
monitored using mechanically, for example by mounting it on a jointed arm in which 
movement of the joints can be measured. The probe is then moved manually from an 
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initially determined home position to each of the markers and the position of each marker 
is detemiined relative to the home position by measurement of the movement of the probe. 
Such measurement systems are knovm generally. 

Other techniques for determining the bone location can be used. For example, the bone 
location can be determined using natural anatomical features instead of or in conjunction 
with fixable markers. 

Preferably, the apparatus of the invention includes a registration probe for determining the 
location of the patient's bone within the apparatus coordinate system by contacting the bone 
at predetermined points thereon. The points can be defined by implanted markers or by 
anatomical landmark markers, for example provided by specific distinctive locations on the 
bone surface or by distinctive bone contours. 

In a preferred arrangement, the position of the probe is monitored using the detector, for 
example by including on the probe at least one signal generator (and preferably more as 
discussed above in relation to the instrument and reference sensors) on it. 

It is important for the position of the bone to remain imchanged while its location within 
the apparatus coordinate system is initially determined. However, once the location of the 
bone has been determined, the apparatus of the present invention presents the advantage 
that movement of the bone can be accommodated by consequent movement of the surgical 
instrument. 

Generally, the detector is fixed within the apparatus coordinate system and the apparatus 
coordinate system is defined relative to the position of the detector. Preferably, the 
detector is fixed relative to the robotic control system for moving the surgical instrument. 
However, in order tO avoid the possibility of inaccuracies being introduced due to small 
amounts of movement of the detector relative to the robot control system, it can be 
preferred for the apparatus to include a robotic control system sensor to indicate the true 
position of the robotic control system within the apparatus coordinate system. The robotic 
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control system sensor can have features of the instrument and reference sensors discussed 
above. 

Embodiments of the present invention v^ll now be described by way of example with 
reference to the accompanying drawings, in which: 

Figure 1 is a schematic representation of the apparatus of the present invention. 
Figure 2 is a front view of a sensor which could be an instrument sensor or a 
reference sensor. 

Referring to the drawings. Figure 1 is a schematic representation of apparatus 2 which can 
be used to position a surgical instrument 4. The apparatus includes a computer 5 and a 
robotic control system 6 which can receive instructions generated by the computer to cause 
the instrument to move. The control system includes a robot arm (or other robotic system) 
8 which has a mounting plate 10 at its end on which the instrument 4 is mounted. The 
robot arm 8 is fixed to a stationary base part 9 of the control system. Instructions to move 
tiie instrument are interpreted by the robotic control system and cause the robot arm, with 
the instrument moxmted on it, to. move relative to the stationary base part 9. Preferably, the 
robot arm has at least three joints, more preferably six joints, to enable sufficient freedom 
of movement of the moimting plate. Robotic control systems of this general kind are 
known, for example as referred to in US-6033415 and WO-98/27887. 

The robot arm has an instrument sensor 12 on the mounting plate and is therefore fixed 
relative to the instrument. The instrument sensor comprises a plate which has a plurality of 
light emitting diodes (for example 4 or 6) arranged on it. The sensor generates an 
instrument signal to indicate the position of the instrument 4. 

The apparatus includes an optical detector 14 which can receive the signal generated by the 
instrument sensor 12 in order to monitor the position of the sensor. The optical detector 
has at least two (for example three) separate receiving elements. The position and 
orientation of the instrument sensor 12 (and therefore also of the instrument 4 which is 



wo 02/00131 



PCT/GBOl/02899 



-7- 

fixed relative to the sensor) can be evaluated based on the known geometrical arrangement 
of the LEDs on the instrument sensor and of the receiving elements of the detector. 

The apparatus also includes a reference sensor 16 which can be fixed to the bone in the 
patient 17 on which the surgical procedure is to be performed. The reference sensor 16, 
like the instrument sensor 12, comprises a plate which has a plxirality of light emitting 
diodes arranged on it. Once fixed to the bone, the position and orientation of the reference 
sensor 16 (and therefore also of the patient's bone which is fixed relative to the sensor) can 
be evaluated based on the known geometrical arrangement of the LEDs on Hie sensor and 
of the receiving elements of the detector. 

The apparatus includes a registration probe 1 8 which can be used to register the position of 
the patienfs bone in the apparatus coordinate system which is defined with respect to the 
detector 14. Registration of the bone's position is carried out by touching the probe on 
fiducial markers which had been implanted in the bone prior to a scanning operation 
(especially an X-ray or CT scan) for generating an image of the bone. The markers can be 
referred to in the surgical procedure to relate the position of the patient's bone within the 
apparatus coordinate system as indicated by the reference sensor to the previously 
generated image of the bone. The use of such markers (often referred to as fiducial 
markers) with a registration probe is established, when they are used with a probe which is 
connected to a navigation computer which can be used to contact each marker in turn to 
identify it for the computer which can then relate its location relative to the previously 
generated bone image. The position of the probe can be monitored using mechanically, for 
example by mounting it on a jointed arm in which movement of the joints can be measured. 
The probe is then moved manually from an initially determined home position to each of 
the markers and the position of each marker is determined relative to the home position by 
measurement of the movement of the probe. Such measurement systems are known 
generally. 

Optionally, the apparatus can include a robotic control system sensor 20 to indicate the true 
position of the robotic control system within the apparatus coordinate system. The robotic 
control system sensor is mounted on the stationary base part 9 of the robotic control 
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system. The robotic control system sensor, like the instrument sensor 12, comprises a plate 
which has a plurality of light emitting diodes arranged on it. The position and orientation 
of the robotic control system sensor 16 (and therefore also of the patient's bone which is 
fixed relative to the sensor) can be evaluated based on the known geometrical arrangement 
of the LEDs on the sensor and of the receiving elements of the detector. This enables 
changes in the position of the robotic control system to be taken into account in the 
instructions generated by the computer to the robotic control system to ensure that the 
surgical instrument is positioned appropriately. 

Use of the apparatus of the invention can be in accordance with the following sequence of 
steps: 

1 . Surgical implantation of fiducial markers in the bone on which the surgical instru- 
ment 4 is to operate, 

2. Generation of an image of the bone, for example using X-ray or computer tomo- 
graphy scanning equipment (not shown). 

3. Planning the surgical procedure which is to be perfomied, including the steps to 
be performed using the surgical instrument. 

4. Placing the patient on an operating table in such a way that movement of the bone 
on which the instrument 4 is to operate is minimised. 

5. Fixing the reference sensor 16 relative to the bone. 

6. Locating the bone in the apparatus coordinate system which is defined with 
respect to the detector 14 using the probe 18, by contacting the markers on the bone. 

7. Performing a matching procedure to align (a) the coordinates of the markers in the 
image of the bone generated in step 2, wath (b) the coordinates of the markers as located 
using the probe 18 in step 6. 

8. Detecting signals fi-om the instrument sensor 12 and the reference sensor 16 by 
means of the detector 14 and evaluating the position and orientation of the instrument 
sensor (and therefore also of the instrument 4 which is fixed relative to the sensor), and of 
the reference sensor (and therefore also of the bone to which the reference sensor is fixed). 
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9. Generating a signal by means of the computer 5 which is transmitted to the robotic 
control system 6 to cause the robot arm 8 to move the instrument 5 to a desired position 
relative to the patient's bone in which the instrument can operate on the bone. 

10. Comparing the actual position of the surgical instrument, as determined from the 
signal received by the detector from the instrument sensor, with the desired position 
relative the bone. 

1 1 . Generating a signal by means of the computer to cause the robot arm to move the 
instrument so that the difference between the desired position relative to the patient's bone 
and the instrument's actual position is reduced, 

12. Repeating steps 9 and 10 as necessary. 

Step 1 of the above procedure can be omitted if anatomical landmark markers (for example 
provided by specific distinctive locations on the bone surface or by distinctive bone 
contours) are used instead of implanted markers. Such landmark markers are identified in 
an image which is generated from a pre-operative examination of the patient (such as that 
in step 2). They must also be identified during the procedure using a probe (such as the 
probe 18) to contact the landmark markers, or to generate a plurality of points by following 
an anatomical contour or surface (in a step analogous to step 6). The use of anatonGiical 
landmark markers lias advantages in that the patient need not be subjected to in initial 
Siirgical procedure by which markers are implanted. 

In the event that the patient moves within the apparatus coordinate system, such movement 
is detected by the detector from the signal transmitted to it by the reference sensor. Such 
movement might result in a change in the difference between the desired position of the 
surgical instrument (which is defined with respect to the bone) and the instrument's actual 
position. This can give rise to additional signals generated by the computer, to cause the 
robot arm to move the instrument so the movement of the patient is taken into accoimt. 

Accurate positioning of the instrument can require that the location of the fixed part of the 
robotic control system 6 is known accurately since the position of the surgical instrument 4 
on the mounting plate 10 is changed in response to a signal which is received by the robotic 
control system which causes the robot arm 8 to move relative to the fixed part of the 
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system. In the event that the fixed part of the robotic control system moves within the 
apparatus coordinate system (defined relative to the detector 14), such movement is 
detected by the detector from the signal transmitted to it by the reference sensor. Such 
movement might result in a change in the difference between the desired position of the 
surgical instrument (which is defined with respect to the bone) and the instrument's actual 
position. This can give rise to additional signals generated by the computer, to cause the 
robot arm to move the instrument so the movement of the patient is taken into account. 

The apparatus of the invention enables errors in the robotic positioning of a surgical 
instrument due to calibration errors in the robot to be reduced. It therefore reduces the 
importance of accurate calibration of the robot. 

Examples of instruments which can be fixed to the mounting plate 10 include broaches, 
reamers, and saws. 

Figure 2 is a schematic view of a sensor which could be, for example, an instrument sensor 
or a reference sensor. The sensor has three light emitting diodes 30 which are spaced apart 
mounted on a support frame 32. The support firom has a mounting segment 34 at which it 
can be affixed to its respective substrate (instrument, patient etc). 
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CLAIMS : 

1. Apparatus for positioning a surgical instrument during a surgical orthopaedic 
procedure relative to the coordinate system of the apparatus, which comprises: 

a. a surgical instrument, 

b. a robotic control system for moving the surgical instrument within the 
apparatus coordinate system according to program instructions, 

c. an instrument sensor which is fixed relative to the instrument to indicate 
the true position of the instrument within the apparatus coordinate system, 

d. a reference sensor which can be fixed to a patient's bone to indicate the 
position of the patient's bone within the apparatus coordinate system, 

e. a detector for monitoring the positions of the instrument sensor and the 
reference sensor, and 

f. a signal processor which receives position signals from the detector, and 
which generates a desired position signal to the robotic control system to position 
the surgical instrument at a desired location relative to the reference sensor, by a 
process which involves minimising the difference between the true position of the 
instrument and the said desired location. 

2. Apparatus as claimed in claim 1, in which the process by which the signal for the 
position of the surgical instrument is generated is an iterative process. 

3. Apparatus as claimed in claim 1, in which the instrument sensor generates an 
instrument signal to indicate the position of the surgical instrument which can be detected 
by the detector. 

4. Apparatus as claimed in claim 2, in which the instrument signal is an optical 
signal. 

5. Apparatus as claimed in claim 1 , in which the reference sensor generates a signal 
to indicate the position of the bone which can be detected by the detector. 
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6. Apparatus as claimed in claim 5, in which the reference signal is an optical signal. 

7. Apparatus as claimed in claim 1, which includes markers for fixing to a patient 
prior to a scarming operation for generating an image of the bone, and which can be 
referred to in the surgical procedure to relate the position of the patients bone within the 
apparatus coordinate system as indicated by the reference sensor to a previously generated 
image of the bone. 

8. Apparatus as claimed in claim 1 , in which the detector is fixed within the 
apparatus coordinate system. 

9. Apparatus as claimed in claim 1, which includes a robotic control system sensor to 
indicate the true position of the robotic control system within the apparatus coordinate 
system. 

10. Apparatus as claimed in claim 1 , which includes a registration probe for 
determining the location of the patient's bone within the apparatus coordinate system by 
contacting the bone at predetermined points thereon. 
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05-01-1990 


JP 


2732618 


B2 


30-03-1998 


SE 


8804056 


A 


09-11-1988 


US 


5397329 


A 


14-03-1995 


US 


4945914 


A 


07-08-1990 


US 


5094241 


A 


10-03-1992 


US 


5119817 


A 


09-06-1992 


US 


5211164 


A 


18-05-1993 


us 


5178164 


A 


12-01-1993 


us 


5230338 


A 


27-07-1993 


AU 


664863 


82 


07-12-1995 


AU 


2745192 


A 


17-12-1992 


AU 


632633 


B2 


07-01-1993 


AU 


6590790 


A 


16-05-1991 


BR 


9005637 


A 


17-09-1991 


CA 


2029401 


Al 


09-05-1991 


DE 


69026196 


Dl 


02-05-1996 


DE 


69026196 


T2 


05-09-1996 


EP 


0427358 


Al 


15-05-1991 


EP 


0647428 


A2 


12-04-1995 


ES 


2085885 


T3 


16-06-1996 


JP 


3168139 


A 


19-07-1991 
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